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Suboptimal nutrition imposes developmental constraints on infant animals, 
which marshal adaptive responses to eventually become mature adults. Such 
responses are mounted at multiple levels from systemic to cellular. At the 
cellular level, the underlying mechanisms of cell proliferation control have been 
intensively studied. However, less is known about how growth of postmitotic 
and morphologically complex cells, such as neurons, is controlled by nutritional 
status. We address this question using Class I and IV dendritic arborization 
neurons in Drosophila larvae. Class IV neurons have been shown to sense 
nociceptive thermal, mechanical, and light stimuli, whereas Class I neurons are 
proprioceptors. We reared larvae on diets with different protein and 
carbohydrate content throughout larval stages, and examined how 
morphologies of Class I or IV neurons were affected. Dendritic arbors of Class 
IV neurons became more complex when larvae were reared on a low-yeast 
diet, which contains lower amounts of amino acids and other ingredients, 
compared to a high-yeast diet. In contrast, such low yeast-dependent hyper-
arborization was not seen in Class I neurons. The physiological and metabolic 
implications of the hyper-arborization phenotype are discussed in relation to a 
recent hypothesis that Class IV neurons sense protein-deficient stress and to 






Unlike well-controlled laboratory conditions, development of new-
born animals in nature is challenged by a number of changeable 
environmental conditions, for which they have evolved numerous adaptive 
responses. One such critical condition is nutritional status, which has 
profound effects on animal development (Andersen et al., 2013). Rearing 
model animals under various dietary conditions has been a powerful strategy 
to unravel evolutionarily conserved adaptive mechanisms. Drosophila 
melanogaster has emerged as an experimental paradigm, owing to its 
similarities to mammals, including segmented digestive tracts for nutrient 
intake, hormones and their signaling pathways, nutrient breakdown and 
storage, and effects of nutrients on lifespan and reproduction (Baker and 
Thummel, 2007; Lemaitre and Miguel-Aliaga, 2013; Padmanabha and Baker, 
2014; Lee et al., 2008; Solon-Biet et al., 2014).  
Some of the effects of dietary constraints are manifested by life-
history traits at the organism level or by cell behaviors in organogenesis. For 
example, in the face of nutritional restriction, the juvenile phase is extended 
to compensate for the slow increase in body size, causing a delay in the 
transition from juvenile-to-adult (Danielsen et al., 2013). Another example is 
the systemic control of cell proliferation in many organs, which coordinates 
downsizing of those organs and the body when nutrients are scarce 
(Anderson et al., 2013).  
 In contrast to proliferative cells, such as neural stem cells (Lanet 
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and Maurange, 2014), relatively little is known about how growth of post-
mitotic and morphologically complex cells is influenced by nutritional status, 
and whether observed nutrient-dependent changes are physiologically 
relevant or not. Recent studies that address this question include 
investigations of tracheal terminal cells that innervate the midgut 
(Linneweber et al., 2014), a subset of serotonergic neurons that innervate 
the prothoracic gland (Shimada-niwa and Niwa, 2014), and a family of 
Drosophila somatosensory neurons, dendritic arborization (da) neurons 
(Shimono et al., 2014). da neurons elaborate their dendritic arbors two-
dimensionally underneath the epidermis. They are classified into 4 morphological 
categories, Classes I-IV, in order of increasing territory size and/or branching 
complexity at the mature larval stage (Grueber et al., 2002; Jan and Jan, 2010). 
Class IV neurons are polymodal nociceptors responsible for thermal, mechanical, 
and light sensation (Tracey et al., 2003; Hwang et al., 2007; Xiang et al., 2010; 
Zhong et al., 2010; Im and Galko, 2012; Terada et al., 2016). Intriguingly, it was 
recently proposed that Class IV neurons also sense nutrient stress (Jayakumar 
et al., 2016). On the other hand, Class I neurons function in a proprioceptive 
sensory feedback circuit for rhythmic locomotion (Hughes and Thomas, 2007; 
Hwang et al., 2007; Im and Galko, 2012).  
In this study, we reared larvae on different diets throughout larval stages 
and examined how morphologies of Class I or IV neurons were affected. 
Dendritic arbors of Class IV neurons became more complicated when larvae 
were reared on a low-yeast diet. In contrast, nutrient-dependent hyper-




Results and Discussion  
 
Dendrites of Class IV neurons hyper-arborized on a low-yeast diet  
In a previous study, a severe reduction in dietary yeast from 8% to 0.8% 
decreased branching of tracheal terminal cells (Linneweber et al., 2014). In 
the larval diet, yeast is the major source of amino acids, although it also 
contributes other dietary components (Broderick and Lemaitre, 2012; Piper 
et al., 2013). When larvae were fed a corn meal-based diet (Table S1), we 
confirmed the decrease in tracheal branching on the 0.8% yeast (Y) diet 
compared to the 8% Y diet. In sharp contrast to the tracheal branching, 
however, dendritic arbors of Class IV neurons became more complicated 
when larvae were reared on the 0.8% Y diet (Figure 1A and 1B). 
Quantitatively, both the number of branch ends and the branch density 
(terminal number/arbor size) were increased by 1.6-fold and 1.7-fold, 
respectively (Figure 1E-1G), which we refer to hereafter as the hyper-
arborization response to the low-yeast diet. 
We could reproduce this hyper-arborization phenotype in both sexes 
when larvae were fed on diets prepared following a different recipe, semi-
defined medium (SDM)-based diets with different amounts of yeast-derived 
ingredients (Figure 1C, 1D, and 1H-1J; see details in Table S1). Again, the 
number of branch terminals per cell increased by 1.6-fold (males) and 1.4-
fold (females) on 0.8% Y compared to 8% Y (Figure 1H). The average number 
of branch ends on the 2% Y diet was intermediate between those observed 
with 0.8% Y and 8% Y (Figure S1), reinforcing the notion that the hyper-
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arborization is dependent on the decrease in the dietary yeast content. This 
yeast content-dependent hyper-arborization phenotype was detected using 
four different transgenic markers consisting of eGFP or tagged fluorescent 
proteins driven by two different promoters (Figure S2). 
Regarding the scale of the arbor, on the SDM-based diets, the arbor 
size was dramatically larger on 8% Y than 0.8% Y (Figure 1I; increases by 
1.7-fold in males and 1.6-fold in females), which is correlated with the larger 
body size on 8% Y, and this provides a sharp contrast with the relatively lower 
branch density on 8% Y (Figure 1J). These results raise the possibility that 
dendritic branching of Class IV neurons is regulated by a mechanism partly 
separate from the control of arbor size, which is consistent with our previous 
finding in a different developmental context (Shimono et al., 2014).  
 The entire larval development took longer (ca. 13 days) on SDM (0.8% 
Y) compared to 5 days on SDM (8% Y). This raises a question that the hyper-
arborization could be a secondary consequence of the longer larval stage. 
To address this possibility, we observed Class IV neurons in larvae that had 
been reared on a SDM-based low sugar diet (LSD) or on a high sugar diet 
(HSD) that elicits insulin-resistant phenotypes (Musselman et al., 2011). It is 
known that HSD extends larval development; however, we found no drastic 
increase in the terminal number on HSD compared to LSD (Figure S3). Thus, 
we consider it less likely that the hyper-arborization was a simple 
consequence of the longer larval stage. 
  In addition to the radially expansive and complicated dendrites of 
Class IV neurons, we examined how the smaller and simpler comb-like arbors of 
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proprioceptive Class I neurons were affected by the dietary yeast content. 
Responses of Class I arbors were distinct from those of Class IV (Figure 2). Class 
I dendrites did not become hyper-arborized on 0.8% Y compared to 8% (Figure 
2C-2E) or even became simplified as shown by the decrease in the number of 
branch terminals by 26% on 0.8% Y (Figure 2F-2H). Together with the 
aforementioned results for Class IV neurons, these results imply that the two 
classes of da neurons possess distinct regulatory mechanisms of nutrient-
dependent branch sprouting, possibly due to the distinct physiological roles (see 
below). 
 A number of cell-autonomous programs have been discovered that 
control morphogenesis of dendritic arbors of da neurons (Jan and Jan, 2010; 
Hattori et al., 2013; Iyer et al., 2013; Santiago and Bashaw, 2014; Honjo et al., 
2016). Implicated proteins in da neurons include Pathetic (Path), most likely 
responsible for intake of amino acids (Lin et al., 2015a and 2015b), and insulin 
receptor and its downstream components (Parrish et al., 2009; Shimono et 
al., 2014), all of which are required for expansive growth and the highly 
elaborated architecture of Class IV arbors. The low-yeast dependent hyper-
arborization is also reminiscent of an overexpression phenotype of insulin 
growth factor II mRNA binding protein (Imp) (see Fig 5A, 5C, and 5I in Hattori 
et al., 2013). However, only a few studies have directly addressed whether 
or not da neurons detect external nutrient levels. Physiologically, Class IV 
neurons sense thermal, mechanical, and short-wavelength light stimuli that cause 
tissue damage, and elicit stereotyped avoidance behaviors (Tracey et al., 2003; 
Hwang et al., 2007; Xiang et al., 2010; Zhong et al., 2010; Im and Galko, 2012; 
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Terada et al., 2016). Furthermore, Class IV neurons control light avoidance upon 
reception of a neuropeptide, the prothoracicotropic hormone (Yamanaka et al., 
2013). While Class IV-mediated avoidance behaviors have been well 
characterized, Class IV neurons also regulate the transition from foraging 
(feeding) to wandering (non-feeding) behavior at late larval stages on a standard 
diet (Ainsley et al., 2008; Wegman et al., 2010). Channels and receptors 
responsible for these physiological roles have been reported (Adams et al., 1998; 
Tracey et al., 2003; Lee et al., 2005; Neely et al., 2010 and 2011; Hwang et al., 
2012; Zhong et al., 2012; Gorczyca et al., 2014; Guo et al., 2014; Mauthner et al., 
2014; Honjo et al., 2016).  
 Very recently a circuit in the larval nervous system has been 
reported, which is proposed to sense amino acid deprivation and contribute 
to the juvenile-to-adult transition (pupariation) under nutrient-sparse 
conditions (Jayakumar et al., 2016). More specifically, Class IV neurons 
sense amino acid deprivation at a late larval stage and send inputs to 
glutamatergic neurons in the CNS, which release peptides to neurosecretory 
cells to modulate ecdysteroid gene expression. However, in their 
experiments, activities of Class IV neurons were not directly monitored upon 
the switch from a normal diet to a protein-deficient (sucrose only) diet or vice 
versa; nor did they examine dendrite morphologies. In contrast to their 
experimental design, larvae in our study were chronically exposed to the low-
yeast or high-yeast diet. Further work will be required to compare neuronal 
activities and dendrite morphologies under their and our experimental 
conditions, and to address whether nutrient-dependent neuronal firing 
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patterns if detected and reshaping of dendrites, such as the hyper-
arborization, could be adaptive responses to the lack of amino acids. It 
should be mentioned that dietary yeast contributes not only amino acids, but 
also sterols, vitamins, and other known and unknown ingredients (Broderick 
and Lemaitre, 2012; Piper et al., 2013; Lee and Micchelli, 2013). Therefore, a 
degree of caution is called for in comparisons of results obtained from yeast-
containing diets with those from yeast-free (sugar only) diets.  
 
Potential systemic signals that connect nutrient sensing tissues and 
dendrite branching of Class IV neurons 
In addition to direct sensing of external nutrients by Class IV neurons, 
endocrine systems coexist, where some tissues secrete systemic signals in 
response to specific nutritional status (e.g., changes in amino acid and/or 
carbohydrate levels), and signal receiving tissues, presumably including 
Class IV neurons, modulate gene expression (Alfa and Kim, 2016). As an 
initial step to address this hypothesis, we characterized how the dietary yeast 
contents in our experiments impacted larval metabolism by measuring basic 
metabolites in whole-body lysates and hemolymph (Figure 3). Whole body 
glycogen and protein levels were decreased in larvae on 0.8% Y compared to 8% 
Y (Figure 3C and 3G), which is consistent with the smaller body size. The amount 
of glucose plus trehalose (the major circulating sugar in insects) normalized to 
total protein was increased in 0.8% Y larvae relative to 8% Y larvae, but such an 
increase was not detected in hemolymph (Figure 3B and 3H). Triglyceride (TAG) 
is the main form of stored fat, and its normalized level was increased in both 
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sexes of 0.8% Y larvae relative to 8% Y larvae (Figure 3F). Whether this increase 
in TAG is causally related to the neuronal phenotype we observed awaits future 
studies.  
In one of the endocrine systems, the fat body (the adipose tissue) 
senses sufficient nutritious sugar, releases one of the Drosophila TGF 
/Activin homologs, Dawdle (Daw), and controls expression of digestive 
enzymes in the midgut (Chng et al., 2014) and cellular metabolic and nuclear-
encoded mitochondrial genes in the fat body (Ghosh and O’Connor, 2014). 
Daw signaling requires expression of isoform C of type I receptor Baboon 
(Babo-C) on target cells (Jensen et al., 2009). Fat bodies also respond to a 
low level of dietary yeast, release the TNF homolog Eiger (Egr), and 
negatively control gene expression of insulin-like peptides in insulin-
producing cells (IPCs) through one of the two Egr receptors, Grindelwald 
(Grnd) (Agrawal et al., 2016). Furthermore, a circulating peptide Stunted 
(Sun) produced by the fat body is a ligand to Methuselah (Mth) receptor on 
IPCs to release insulin-like peptides (Delanoue et al., 2016). Class IV 
neurons might be target cells of fat body-derived Daw, Egr, and/or Sun, which 
might regulate the branching machinery.  
It has been shown that Class IV neurons are indeed targets of Egr 
that is released from UV-induced apoptotic epidermal cells, which contributes 
to nociceptive sensitization (Babcock et al., 2009). In this context, another 
Egr receptor, Wengen (Wgn), is necessary in Class IV to develop the 
sensitization after the UV treatments (Babcock et al., 2009). All of the  
receptor genes mentioned above are included in the lists of “bound genes” 
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or “dependent genes” of key transcription factors controlling Class I and IV 
sub-type specification (Hattori et al., 2013). In parallel to the expression 
analysis in Class IV neurons, the endocrine hypothesis would be testable by 
disrupting the relevant receptors or downstream pathways in Class IV neurons 
and observing if the hyper-arborization still occurs under the low-yeast diet 
condition. Finally, the impacts of low dietary protein on lifespan and reproduction 
are conserved between flies and mice (Lee et al., 2008; Solon-Biet et al., 2014); 




Experimental procedures  
 
Fly stocks and the database 
Strains employed were ppk-GAL4 UAS-mCD8:GFP on the 3rd chromosome 
(Grueber et al., 2007), ppk-eGFP (Grueber et al., 2003a), GAL4[2-21] UAS-
mCD8:GFP (Grueber et al., 2003b), Gr28b.c-GAL4 UAS-mCD8:GFP (Xiang et 
al., 2010) and ppk-CD4:tdTom on the 3rd chromosome (Han et al., 2011). The 
yeast content-dependent hyper-arborization of Class IV neurons was 
detected in a total of four different genotypes: ppk-eGFP/ppk-eGFP (Figure 
1A, 1B, and 1E-1G), ppk-GAL4 UAS-mCD8:GFP/+ (Figure 1C, 1D, and 1H-1J), 
ppk-CD4:tdTom/+ (Figure S2A-E), and Gr28b.c-GAL4 UAS-mCD8:GFP/+ 
(Figure S2F and G). Throughout this study, FlyBase was used (Attrill et al., 2016). 
 
Diets and rearing 
Our stocks are usually reared on a laboratory standard diet. To observe how 
dendrite morphologies of da neurons were affected under different nutritional 
conditions, we cooked corn meal diets or modified semi-defined media (SDM) 
with different yeast or sugar amounts. Nutritional contents of all of the diets are 
shown in Table S1. The original semi-defined medium (SDM) is as described at 
the Bloomington Stock Center (http://flystocks.bio.indiana.edu/Fly_Work/media-
recipes/germanfood.htm). 
Adult males and virgin females that had developed on the standard diet 
were collected and crossed on the standard diet for three days or for seven days 
with one transfer to vials of the fresh standard diet in mid-course. Then the adults 
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were split into two or three groups, each of which was kept on the corn meal-
based diet or SDM-based diets with different yeast amounts (see details in the 
legend of Table S1). After an egg-laying interval of one-to-two days, the adult flies 
were cleared in every experiment. Wandering 3rd instar larvae that came out of 
individual diets were imaged or used to prepare lysates as described below. 
All the crosses and experiments were conducted under non-crowded conditions 
at 25°C. 
 
Imaging and quantification 
Images of da neurons in A3-A5 segments were acquired and quantitatively 
analyzed essentially as described (Matsubara et al., 2011; Hattori et al., 2007 and 
2013; Parrish et al., 2009).  
 
Measurements of basic metabolites 
We essentially followed Tennessen et al. (2014) and Matsuda et al. (2015) to 
measure amounts of basic metabolites in whole-body lysates of larvae. Each 
lysate was made from two larvae. To measure trehalose (the primary circulating 
sugar in hemolymph) and glycogen, we enzymatically digested the lysates to 
release free glucose by using Trehalase (SIGMA T8778) and Amyloglucosidase 
(SIGMA A1602), respectively. We used a Glucose (HK) Assay Kit (SIGMA GAHK-
20), Triglyceride E-Test Wako (Wako 432-40201), and DC Protein Assay (Bio-
Rad 500-0116) to measure glucose, triglyceride (TAG), and protein, respectively. 
Absorbance was read according to the manufacturer’s protocol using a Tecan 
GENious Microplate Reader. Endogenous levels of free glucose in larval lysates 
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were low and sometimes undetectable, so we added values of glucose to those 
of trehalose. Hemolymph was prepared from five larvae per sample as described 





The reagents, genomic datasets, protocols, and/or facilities were provided by the 
Kyoto Stock Center (DGRC), the Bloomington Stock Center, Vienna Drosophila 
Resource Center, the TRiP at Harvard Medical School (NIH/NIGMS R01-
GM084947), the NIG stock center, FlyBase, modENCODE, Y.N. Jan, S. 
Hirabayashi, M. Negishi, H. Kato, I. Oinuma, and T. Nishimura. We also thank K. 
Oki and M. Futamata for their technical assistance, other Uemura lab members 
for critical discussion, and J. Hejna for polishing the manuscript. This work was 
supported by a grant from Grants-in-Aid for Scientific Research (A) (15H02400 
to T. Uemura) of MEXT, a grant from the Mitsubishi Foundation to T. Uemura, a 
Grant-in-Aid for Young Scientists (B) (15K18455 to Y. H.) of MEXT, grants from 
the Naito Foundation and the Sasakawa Scientific Research Grant to Y. H., and 
the Platform Project for Supporting in Drug Discovery and Life Science Research
（Platform for Dynamic Approaches to Living System）from Japan Agency for 
Medical Research and Development (AMED). K.W. is a recipient of a JSPS 





Adams, C.M., Anderson, M.G., Motto, D.G., Price, M.P., Johnson, W.A., & 
Welsh, M.J. (1998). Ripped pocket and pickpocket, novel Drosophila 
DEG/ENaC subunits expressed in early development and in mechanosensory 
neurons. J. Cell Biol. 140, 143–152. 
Agrawal, N., Delanoue, R., Mauri, A., Basco, D., Pasco, M., Thorens, B., & 
Léopold, P. (2016). The Drosophila TNF Eiger Is an Adipokine that Acts on 
Insulin-Producing Cells to Mediate Nutrient Response. Cell Metab. 23, 675–
684. 
Ainsley, J.A., Kim, M.J., Wegman, L.J., Pettus, J.M., & Johnson, W.A. (2008). 
Sensory mechanisms controlling the timing of larval developmental and 
behavioral transitions require the Drosophila DEG/ENaC subunit, Pickpocket1. 
Dev. Biol. 322, 46–55. 
Alfa, R.W., & Kim, S.K. (2016). Using Drosophila to discover mechanisms 
underlying type 2 diabetes. Dis. Model. Mech. 9, 365–376. 
Andersen, D.S., Colombani, J., & Léopold, P. (2013). Coordination of organ 
growth: principles and outstanding questions from the world of insects. Trends 
Cell Biol. 23, 336–344. 
Attrill, H., Falls, K., Goodman, J.L., Millburn, G.H., Antonazzo, G., Rey, A.J., & 
Marygold, S.J. (2016). FlyBase: establishing a Gene Group resource for 
Drosophila melanogaster. Nucleic Acids Res. 44, D786–D792. 
Babcock, D.T., Landry, C., & Galko, M.J. (2009). Cytokine Signaling Mediates 
UV-Induced Nociceptive Sensitization in Drosophila Larvae. Curr. Biol. 19, 799–
806. 
 17 
Baker, K.D., Thummel, C.S., Aguila, J.R., et al. (2007). Diabetic larvae and 
obese flies-emerging studies of metabolism in Drosophila. Cell Metab. 6, 257–
266. 
Broderick, N. a, & Lemaitre, B. (2012). Gut-associated microbes of Drosophila 
melanogaster. Gut Microbes 3, 307–321. 
Chng, W.A., Sleiman, M.S.B., Schüpfer, F., & Lemaitre, B. (2014). Transforming 
Growth Factor β/Activin Signaling Functions as a Sugar-Sensing Feedback 
Loop to Regulate Digestive Enzyme Expression. Cell Rep. 9, 336–348. 
Danielsen, E.T., Moeller, M.E., & Rewitz, K.F. (2013). Nutrient Signaling and 
Developmental Timing of Maturation. Curr. Top. Dev. Biol. 105, 37–67. 
Ghosh, A.C., & O’Connor, M.B. (2014). Systemic Activin signaling 
independently regulates sugar homeostasis, cellular metabolism, and pH 
balance in Drosophila melanogaster. Proc. Natl. Acad. Sci. 111, 5729–5734. 
Delanoue, R., Meschi, E. , Agrawal, N., Mauri, A., Tsatskis, Y., McNeill, H., & 
Léopold, P. (2016). Drosophila insulin release is triggered by adipose Stunted 
ligand to brain Methuselah receptor. Science 353,1553-1556. 
Gorczyca, D.A., Younger, S., Meltzer, S., Kim, S.E., Cheng, L., Song, W., Lee, 
H.Y., Jan, L.Y., & Jan, Y.N. (2014). Identification of Ppk26, a DEG/ENaC 
Channel Functioning with Ppk1 in a Mutually Dependent Manner to Guide 
Locomotion Behavior in Drosophila. Cell Rep. 9, 1446–1458. 
Grueber, W.B., Jan, L.Y., & Jan, Y.N. (2002). Tiling of the Drosophila epidermis 
by multidendritic sensory neurons. Development 129, 2867–2878. 
Grueber, W.B., Ye, B., Moore, A.W., Jan, L.Y., & Jan, Y.N. (2003a). Dendrites 
of Distinct Classes of Drosophila Sensory Neurons Show Different Capacities 
 18 
for Homotypic Repulsion. Curr. Biol. 13, 618–626. 
Grueber, W.B., Jan, L.Y., & Jan, Y.N. (2003b). Different levels of the 
homeodomain protein cut regulate distinct dendrite branching patterns of 
Drosophila multidendritic neurons. Cell 112, 805–818. 
Grueber, W.B., Ye, B., Yang, C., Younger, S., Borden, K., Jan, L.Y., & Jan, Y.-
N. (2007). Projections of Drosophila multidendritic neurons in the central 
nervous system: links with peripheral dendrite morphology. Development 134, 
55–64. 
Guo, Y., Wang, Y., Wang, Q., & Wang, Z. (2014). The Role of PPK26 in 
Drosophila Larval Mechanical Nociception. Cell Rep. 9, 1183–1190. 
Han, C., Jan, L.Y., & Jan, Y.-N. (2011). Enhancer-driven membrane markers for 
analysis of nonautonomous mechanisms reveal neuron-glia interactions in 
Drosophila. Proc. Natl. Acad. Sci. 108, 9673–9678. 
Hattori, Y., Sugimura, K., & Uemura, T. (2007). Selective expression of 
Knot/Collier, a transcriptional regulator of the EBF/Olf-1 family, endows the 
Drosophila sensory system with neuronal class-specific elaborated dendritic 
patterns. Genes to Cells 12, 1011–1022. 
Hattori, Y., Usui, T., Satoh, D., Moriyama, S., Shimono, K., Itoh, T., Shirahige, 
K., & Uemura, T. (2013). Sensory-Neuron Subtype-Specific Transcriptional 
Programs Controlling Dendrite Morphogenesis: Genome-wide Analysis of 
Abrupt and Knot/Collier. Dev. Cell 27, 530–544. 
Honjo, K., Mauthner, S.E., Wang, Y., Skene, J.H.P., & Tracey, W.D. (2016). 
Nociceptor-Enriched Genes Required for Normal Thermal Nociception. Cell 
Rep. 16, 295–303. 
 19 
Hughes, C.L., & Thomas, J.B. (2007). A sensory feedback circuit coordinates 
muscle activity in Drosophila. Mol. Cell. Neurosci. 35, 383–396. 
Hwang, R.Y., Zhong, L., Xu, Y., Johnson, T., Zhang, F., Deisseroth, K., & 
Tracey, W.D. (2007). Nociceptive Neurons Protect Drosophila Larvae from 
Parasitoid Wasps. Curr. Biol. 17, 2105–2116. 
Hwang, R.Y., Stearns, N.A., & Tracey, W.D. (2012). The Ankyrin Repeat 
Domain of the TRPA Protein Painless Is Important for Thermal Nociception but 
Not Mechanical Nociception. PLoS One 7, e30090. 
Im, S.H., & Galko, M.J. (2012). Pokes, sunburn, and hot sauce: Drosophila as 
an emerging model for the biology of nociception. Dev. Dyn. 241, 16–26. 
Iyer, E.P.R., Iyer, S.C., Sullivan, L., Wang, D., Meduri, R., Graybeal, L.L., & 
Cox, D.N. (2013). Functional Genomic Analyses of Two Morphologically Distinct 
Classes of Drosophila Sensory Neurons: Post-Mitotic Roles of Transcription 
Factors in Dendritic Patterning. PLoS One 8, e72434. 
Jan, Y.-N., & Jan, L.Y. (2010). Branching out: mechanisms of dendritic 
arborization. Nat. Rev. Neurosci. 11, 449–449. 
Jayakumar, S., Richhariya, S., Reddy, O.V., Texada, M.J., & Hasan, G. (2016). 
Drosophila larval to pupal switch under nutrient stress requires IP 3 R/Ca 2+ 
signalling in glutamatergic interneurons. Elife 5, 1–27. 
Jensen, P.A., Zheng, X., Lee, T., & O’Connor, M.B. (2009). The Drosophila 
Activin-like ligand Dawdle signals preferentially through one isoform of the 
Type-I receptor Baboon. Mech. Dev. 126, 950–957. 
Lanet, E., & Maurange, C. (2014). Building a brain under nutritional restriction: 
insights on sparing and plasticity from Drosophila studies. Front. Physiol. 5, 1–
 20 
9. 
Lee, W.C., & Micchelli C.A. (2013). Development and characterization of a 
chemically defined food for Drosophila. PLoS One. 8: e67308. 
Lee, K.P., Simpson, S.J., Clissold, F.J., Brooks, R., Ballard, J.W.O., Taylor, 
P.W., Soran, N., & Raubenheimer, D. (2008). Lifespan and reproduction in 
Drosophila: New insights from nutritional geometry. Proc. Natl. Acad. Sci. 105, 
2498–2503. 
Lee, Y., Lee, Y., Lee, J., Bang, S., Hyun, S., Kang, J., Hong, S., Bae, E., 
Kaang, B., & Kim, J. (2005). Pyrexia is a new thermal transient receptor 
potential channel endowing tolerance to high temperatures in Drosophila 
melanogaster. Nat. Genet. 37, 305–310. 
Lemaitre, B., & Miguel-Aliaga, I. (2013). The Digestive Tract of Drosophila 
melanogaster. Annu. Rev. Genet. 47, 377–404. 
Lin, W., Williams, C., Yan, C., Koledachkina, T., Luedke, K., Dalton, J., 
Bloomsburg, S., Morrison, N., Duncan, K.E., Kim, C.C., & Parrish, J.Z. (2015a). 
The SLC36 transporter Pathetic is required for extreme dendrite growth in 
Drosophila sensory neurons. Genes Dev. 29, 1120–1135. 
Lin, W., Williams, C.R., Yan, C., & Parrish, J.Z. (2015b). Functions of the 
SLC36 transporter Pathetic in growth control. Fly (Austin). 9, 99–106. 
Linneweber, G.A., Jacobson, J., Busch, K.E., Hudry, B., Christov, C.P., 
Dormann, D., Yuan, M., Otani, T., Knust, E., Bono, M. De, & Miguel-aliaga, I. 
(2014). Neuronal Control of Metabolism through Nutrient-Dependent Modulation 
of Tracheal Branching. Cell 156, 69–83. 
Matsubara, D., Horiuchi, S. -y., Shimono, K., Usui, T., & Uemura, T. (2011). The 
 21 
seven-pass transmembrane cadherin Flamingo controls dendritic self-
avoidance via its binding to a LIM domain protein, Espinas, in Drosophila 
sensory neurons. Genes Dev. 25, 1982–1996. 
Matsuda, H., Yamada, T., Yoshida, M., & Nishimura, T. (2015). Flies without 
Trehalose. J. Biol. Chem. 290, 1244–1255. 
Mauthner, S.E., Hwang, R.Y., Lewis, A.H., Xiao, Q., Tsubouchi, A., Wang, Y., 
Honjo, K., Skene, J.H.P., Grandl, J., & Tracey, W.D. (2014). Balboa Binds to 
Pickpocket In Vivo and Is Required for Mechanical Nociception in Drosophila 
Larvae. Curr. Biol. 24, 2920–2925. 
Musselman, L.P., Fink, J.L., Narzinski, K., Ramachandran, P.V., Hathiramani, 
S.S., Cagan, R.L., & Baranski, T.J. (2011). A high-sugar diet produces obesity 
and insulin resistance in wild-type Drosophila. Dis. Model. Mech. 4, 842–849. 
Neely, G.G., Hess, A., Costigan, M., et al. (2010). A Genome-wide Drosophila 
Screen for Heat Nociception Identifies α2δ3 as an Evolutionarily Conserved 
Pain Gene. Cell 143, 628–638. 
Neely, G.G., Keene, A.C., Duchek, P., Chang, E.C., Wang, Q., Aksoy, Y.A., 
Rosenzweig, M., Costigan, M., Woolf, C.J., Garrity, P.A., & Penninger, J.M. 
(2011). TrpA1 Regulates Thermal Nociception in Drosophila. PLoS One 6, 
e24343. 
Padmanabha, D., & Baker, K.D. (2014). Drosophila gains traction as a 
repurposed tool to investigate metabolism. Trends Endocrinol. Metab. 25, 518–
527. 
Parrish, J.Z., Xu, P., Kim, C.C., Jan, L.Y., & Jan, Y.N. (2009). The microRNA 
bantam Functions in Epithelial Cells to Regulate Scaling Growth of Dendrite 
 22 
Arbors in Drosophila Sensory Neurons. Neuron 63, 788–802. 
Piper, M.D.W., Blanc, E., Leitão-Gonçalves, R., Yang, M., He, X., Linford, N.J., 
Hoddinott, M.P., Hopfen, C., Soultoukis, G.A., Niemeyer, C., Kerr, F., Pletcher, 
S.D., Ribeiro, C., & Partridge, L. (2013). A holidic medium for Drosophila 
melanogaster. Nat. Methods 11, 100–105. 
Santiago, C., & Bashaw, G.J. (2014). Transcription factors and effectors that 
regulate neuronal morphology. Development 141, 4667–4680. 
Shimada-Niwa, Y., & Niwa, R. (2014). Serotonergic neurons respond to 
nutrients and regulate the timing of steroid hormone biosynthesis in Drosophila. 
Nat. Commun. 5, 5778. 
Shimono, K., Fujishima, K., Nomura, T., Ohashi, M., Usui, T., Kengaku, M., 
Toyoda, A., & Uemura, T. (2014). An evolutionarily conserved protein CHORD 
regulates scaling of dendritic arbors with body size. Sci. Rep. 4, 4415. 
Solon-Biet, S.M., McMahon, A.C., Ballard, J.W.O., et al. (2014). The Ratio of 
Macronutrients, Not Caloric Intake, Dictates Cardiometabolic Health, Aging, and 
Longevity in Ad Libitum-Fed Mice. Cell Metab. 19, 418–430. 
Tennessen, J.M., Barry, W.E., Cox, J., & Thummel, C.S. (2014). Methods for 
studying metabolism in Drosophila. Methods 68, 105–115. 
Terada, S.-I., Matsubara, D., Onodera, K., Matsuzaki, M., Uemura, T., & Usui, 
T. (2016). Neuronal processing of noxious thermal stimuli mediated by dendritic 
Ca 2+ influx in Drosophila somatosensory neurons. Elife 5, 261–273. 
Tracey, W.D., Wilson, R.I., Laurent, G., & Benzer, S. (2003). painless, a 
Drosophila gene essential for nociception. Cell 113, 261–273. 
Wegman, L.J., Ainsley, J.A., & Johnson, W.A. (2010). Developmental timing of 
 23 
a sensory-mediated larval surfacing behavior correlates with cessation of 
feeding and determination of final adult size. Dev. Biol. 345, 170–179. 
Xiang, Y., Yuan, Q., Vogt, N., Looger, L.L., Jan, L.Y., & Jan, Y.N. (2010). Light-
avoidance-mediating photoreceptors tile the Drosophila larval body wall. Nature 
468, 921–926. 
Yamanaka, N., Romero, N.M., Martin, F.A., Rewitz, K.F., Sun, M., O’Connor, 
M.B., & Leopold, P. (2013). Neuroendocrine Control of Drosophila Larval Light 
Preference. Science 341, 1113–1116. 
Zhong, L., Hwang, R.Y., & Tracey, W.D. (2010). Pickpocket Is a DEG/ENaC 
Protein Required for Mechanical Nociception in Drosophila Larvae. Curr. Biol. 
20, 429–434. 
Zhong, L., Bellemer, A., Yan, H., Honjo, K., Robertson, J., Hwang, R.Y., Pitt, 
G.S., & Tracey, W.D. (2012). Thermosensory and Nonthermosensory Isoforms 
of Drosophila melanogaster TRPA1 Reveal Heat-Sensor Domains of a 







Figure 1 Dendritic arborization of Class IV neurons of larvae grown on 
different diets.  
(A-D) Representative images of dendritic arbors of Class IV neuron ddaC. In 
this and subsequent figures, anterior is left and dorsal is up, and images of 
the dorsal cluster in wandering 3rd instar stage are shown. The magenta 
arrow in A indicates the cell body of ddaC. (A, B, and E-G) Corn meal-based 
diets. (C, D, and H-J) SDM-based diets. The yeast content was 8% Y (A and 
C) or 0.8% Y (B and D). (E-J) Quantitative analyses. The numbers of branch 
terminals (E and H), the size of the dendrite arbor (F and I), and the terminal 
number divided by the arbor size (G and J). n=9 except for 0.8% Y males in 
H-J (n=7). **: P<0.01; ***: P<0.001 (Wilcoxon-Mann-Whitney test). Scale bars: 
200 m. Relevant genotypes in A, B, and E-G are ppk-eGFP/ppk-eGFP and 
those in C, D, and H-J are ppk-Gal4 UAS-mCD8:GFP/+.  
 
Figure 2 Dendritic arborization of Class I neurons when larvae were fed on 
different diets 
(A and B) Representative images of dendritic arbors of Class I neurons ddaD 
and ddaE. The magenta arrows indicate cell bodies of ddaD (left) and ddaE 
(right). (C-H) Quantitative analyses. The numbers of branch terminals (C and 
F), the size of the arbor (D and G), and the terminal number divided by the 
arbor size (E and H). n=9 (8% Y) and 6 (0.8% Y). *: P<0.05; **: P<0.01 




Figure 3 Carbohydrates, TAG, and protein content of larvae grown on 8% Y 
or 0.8% Y diets 
Larvae grown on SDM containing 8% Y or 0.8% Y were sorted by sex and 
processed for whole lysates (A-G) or hemolymph (H). Concentrations of 
glucose plus trehalose (A), glycogen (C), TAG (E), and protein (G) in larval 
lysates, and the respective values normalized to total protein (B, D, and F). 
(H) The concentration of glucose plus trehalose in hemolymph. n=8-10.*: 
P<0.05; **: P<0.01; ***: P<0.001 (Wilcoxon-Mann-Whitney test). The relevant 
genotype is Gr28bc-GAL4 UAS-mCD8:GFP/+. 
 
 
 
